The serine hydrolase inhibitors pyrrophenone and KT195 inhibit cell death induced by A23187 and H 2 O 2 by blocking the release of calcium from the endoplasmic reticulum and mitochondrial calcium uptake. The effect of pyrrophenone and KT195 on these processes is not due to inhibition of their known targets, cytosolic phospholipase A 2 and α/β-hydrolase domaincontaining (ABHD) 6, respectively, but represent off-target effects. To identify targets of KT195, fibroblasts were treated with KT195-alkyne to covalently label protein targets followed by click chemistry with biotin azide, enrichment on streptavidin beads and tryptic peptide analysis by mass spectrometry. Although several serine hydrolases were identified, α/β-hydrolase domaincontaining 2 (ABHD2) was the only target in which both KT195 and pyrrophenone competed for binding to KT195-alkyne. ABHD2 is a serine hydrolase with a predicted transmembrane domain consistent with its pull-down from the membrane proteome. Subcellular fractionation showed localization of ABHD2 to the endoplasmic reticulum but not to mitochondria or mitochondrialassociated membranes. Knockdown of ABHD2 with shRNA attenuated calcium release from the endoplasmic reticulum, mitochondrial calcium uptake and cell death in fibroblasts stimulated with A23187. The results describe a novel mechanism for regulating calcium transfer from the endoplasmic reticulum to mitochondria that involves the serine hydrolase ABHD2.
Introduction
Calcium signals regulate many processes such as proliferation, secretion, metabolism and transcription [1] . Cytosolic calcium concentration is finely regulated through a number of uptake and efflux mechanisms. Inositol trisphosphate (IP 3 ) production stimulates calcium release from the endoplasmic reticulum (ER) through IP 3 receptors (IP 3 R), which is transferred to mitochondria through specialized contact sites, mitochondrial-associated membranes (MAM) [2] [3] [4] . Mitochondrial calcium uptake regulates bioenergetics and ATP production. However, during cell injury and ER stress, excess calcium is transferred through the IP 3 R/MAM pathway into mitochondria that together with reactive oxygen species (ROS) production initiates cell death pathways, including intrinsic apoptosis and necrosis [5, 6] . Intrinsic apoptosis is triggered by injurious agents (ROS, genotoxic agents, irradiation) and involves caspase 9 activation, calcium mobilization, and mitochondrial outer membrane permeabilization [7] . Necrosis was historically considered "accidental" from exposure to harsh treatments, however, several regulated necrotic cell death pathways have now been described including cyclophilin D (CyD)-mediated necrosis that involves mitochondrial calcium overload and production of ROS that trigger opening of the mitochondrial permeability transition pore (MPTP) [8] [9] [10] . This occurs in response to extreme insults such as exposure to environmental toxicants, toxic drugs, during ischemia/reperfusion injury (myocardial infarction, stroke, heart failure), neurological disorders (Parkinson's) and muscular dystrophies [11] [12] [13] [14] [15] [16] . Calcium ionophores and H 2 O 2 are classical inducers of CyDdependent necrosis, which is blocked by the CyD inhibitor cyclosporin A [6, 17] . Necrosis is
characterized by irreversible MPTP opening, mitochondria swelling, depolarization, ATP depletion, and plasma membrane rupture [15, 16] .
We reported that serine hydrolase inhibitors, pyrrophenone and the triazolurea inhibitor KT195 inhibit CyD-dependent necrotic cell death in lung fibroblasts by blocking ER calcium release, mitochondrial calcium uptake and MPTP formation [18] [19] [20] [21] [22] . Pyrrophenone and KT195
do not block cell death by inhibiting their known targets, cytosolic phospholipase A 2 (cPLA 2 α) and α/β-hydrolase domain-containing 6 (ABHD6), respectively but by off-target effects [18] [19] [20] .
They also inhibit ER calcium release triggered by receptor stimulation with ATP and serum, which act by increasing IP 3 production [22] . The results suggest that the inhibitors target a serine hydrolase that regulates ER calcium release through IP 3 R that is transferred to mitochondria.
Using click chemistry-activity based protein profiling we identified the serine hydrolase, ABHD2, as the likely target of the inhibitors. ABHD proteins are a large family (~19 members)
of enzymes with an α/β-hydrolase fold containing a catalytic triad (nucleophile-carboxylic acidhistidine) with GXSXG as the consensus lipase serine nucleophile motif [23] . Many ABHD enzymes are predicted to be involved in lipid metabolism but are poorly characterized including ABHD2, which is widely expressed in tissues and highly conserved evolutionarily [24] .
Materials and Methods

Cells
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Primary mouse lung fibroblasts (MLF) from cPLA 2 α -/-mice and MLF immortalized with SV40 were used for all experiments [18, 25] .
Chemical proteomics activity-based protein profiling
Chemical proteomics using alkyne-tagged KT195 was used to identify targets of the serine hydrolase inhibitor in IMLF by click chemistry-activity based protein profiling [26] .
IMLF (~10-15, 15 cm plates/sample) were treated with KT195-alkyne (5 µM) for 1 h to covalently label protein targets. Membrane and soluble proteomes were prepared and samples (~1 mg protein/0.5 ml) incubated with biotin-azide reporter for covalent attachment to KT195-alkyne-labeled targets using Cu(I)-catalyzed click chemistry as described in detail [20, 27] .
Biotin-azide-tagged targets were enriched using Immunopure immobilized streptavidin beads followed by on-bead reduction, alkylation and digestion with trypsin [27] . Proteomes from fibroblasts not treated with KT195-alkyne were included as controls to eliminate false positives due to non-specific bead binding. Peptides were eluted and desalted with C18 spin columns (ThermoFisher scientific), dried, and then solubilized with 3% acetonitrile and 0.1% formic acid for mass spectrometry. In some experiments membrane proteomes were prepared from IMLF treated with KT195-alkyne and then click chemistry carried out using rhodamine-azide (100 µM). The reactions were terminated with SDS sample buffer, and proteins separated on 10% polyacrylamide gels. Rhodamine-labeled targets were visualized by in-gel fluorescence scanning as described [18] .
Subcellular fractionation and Western blotting
A protocol designed to isolate MAM, mitochondria and ER was used for subcellular fractionation of IMLF using 10-15, 15 cm dishes (~7 x 10 6 cells/dish) as described [28] . Western blot analysis was used to detect protein markers in the subcellular fractions (10 µg/lane) using the following antibodies: anti-long-chain fatty-acid CoA synthase (1:2500, GeneTex) for MAM;
anti-oxidative phosphorylation complex V (1:1000, ThermoFisher Scientific) for mitochondria;
anti-GRP78 (1:1000, abcam) for ER; anti-MEK1/2 (1:1000, Cell Signaling Technology) for cytosol and anti-ABHD2 (1:2000), Proteintech).
Silencing of ABHD2
Lentiviruses containing ABHD2 shRNA (clone TRCN0000121483, Functional Genomics Facility, University of Colorado) or empty vector (control) were generated using 2nd Generation
Packaging Mix and Lentifectin according to the manufacturer's protocol (abm). After transfection with lentiviruses, stable IMLF cell lines were selected using puromycin (10 µg/ml).
Clones isolated by limiting dilution were screened for levels of ABHD2 protein on Western blots and mRNA by real-time PCR (probe Mm00502098_m1, ThermoFisher Scientific), as previously described [18] .
Live-cell calcium imaging
Imaging of ER and mitochondrial calcium following stimulation with A23187 (1 µg/ml) was carried out in control and ABHD2 knockdown IMLF expressing calcium-measuring organelle-entrapped protein indicators (CEPIA) that target to ER (G-CEPIAer) or mitochondria (CEPIA2mt) as described [22, 29] .
Cell death assays
MLF were cultured in DMEM containing 1% FBS for 16 h and then treated with and without inhibitors for 30 min followed by stimulation with H 2 O 2 or staurosporine for 1-6 h. For
determining necrotic cell death, lactate dehydrogenase (LDH) released into the culture medium was measured using CytoTox ONE homogeneous membrane integrity assay kit as described [18] . 
Results
Serine hydrolase inhibitors block H 2 O 2 induced apoptosis and necrosis
Pyrrophenone and KT195 inhibit necrotic cell death but we had not tested their effect on caspase-dependent apoptosis [18] . H 2 O 2 induces necrosis at high concentrations (~1 mM) but induces caspase-mediated apoptosis at nM concentrations [17, [30] [31] [32] . H 2 O 2 at 1 mM was the most effective concentration at stimulating LDH release (necrosis) from MLF ( Fig. 1A) , but did not induce caspase activation ( ( Fig. 1D & E) . Pyrrophenone and KT195, and other inhibitors of MPTP formation (the CaMKII inhibitor KN93 and CyD inhibitor cyclosporin A), blocked apoptosis induced by H 2 O 2 but not by staurosporine ( Fig. 1D & E) . The results suggest that the target of pyrrophenone and KT195
regulates apoptosis and necrosis that involves CaMKII activation and CyD-dependent MPTP formation but not apoptosis induced by staurosporine that is independent of MPTP formation [17, 18, 32] .
Identification of ABHD2 as the target of pyrrophenone and KT195
Click chemistry involves metal catalyzed cycloaddition between azides and terminal alkynes to functionally characterize enzymes in complex biological systems and is useful for identifying low abundance targets [33, 34] . KT195-alkyne was used as a chemical probe to covalently label the active serine hydrolase target(s) in IMLF. KT195 was chosen since it inhibits by covalent, irreversible carbamoylation of active site serines [20, 35] . Pyrrophenone is a slowly reversible inhibitor that may not form a long-lived complex with the target protein [19] .
KT195-alkyne inhibited necrotic cell death (LDH release) induced by A23187 with an IC 50 ~1.5
µM, comparable to non-substituted KT195 (IC 50 0.7 µM) ( Fig. 2A ) [18] . To confirm labeling of KT195-alkyne to the known target, ABHD6, IMLF were treated with KT195-alkyne and click chemistry carried out with membrane proteomes using Rhodamine-azide. Targets were visualized in polyacrylamide gels by fluorescence scanning (Fig. 2B ) [18, 21] . The strongest M A N U S C R I P T
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10 labeled band (35 kDa) corresponds to ABHD6 the known target of KT195 and another major band at 47 kDa was also evident.
To identify targets of the inhibitors IMLF were treated with KT195-alkyne and click chemistry carried out in membrane and soluble proteomes using biotin azide, followed by pulldown with streptavidin beads and LC/MS analysis of tryptic peptides [26] . Several of the candidates were serine hydrolases, and the greatest number of tryptic peptides identified was from the positive control, ABHD6 (Table 1) . To narrow down the targets, competition experiments were performed by pre-treating IMLF with 10 µM KT195 (Exp 2) or 10 µM pyrrophenone (Exp 3) prior to incubating with KT195-alkyne. A criterion for considering a protein target for further study was competitive inhibition by both KT195 and pyrrophenone since they have very similar effects. KT195 (Exp 2), but not pyrrophenone (Exp 3), blocked KT195-alkyne binding to the positive control ABHD6 since no ABHD6 tryptic peptides were recovered. ABHD2 was the only serine hydrolase in which both KT195 and pyrrophenone competed for binding to KT195-alkyne ( Table 1) . The ABHD2 peptide found in experiments 1 and 3 was (K)KPQSLEDTDLSR(L), and the three ABHD2 peptides identified in experiment 2
were (K)EYIPPLIWGK(S); (K)SGHIQTALYGK(M); (R)TFVDYAQK(N). ABHD2 was
identified in the membrane proteome but not in pull downs from the soluble fraction. It is predicted to have a single transmembrane domain with a molecular weight of 48 kDa (Fig. 3A) , the molecular weight of a major band labeled by rhodamine-azide in proteomes of IMLF treated with KT195-alkyne (see Fig. 1B ).
Subcellular localization of ABHD2
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Subcellular fractionation of IMLF showed ABHD2 localization to ER but not MAM or mitochondria [28] (Fig. 3B) . We confirmed the specific localization of the MAM protein fatty acid CoA ligase 4 (FACL4) and the mitochondria protein oxidative phosphorylation complex V (OxPhos) [4] . MEK1/2 was found primarily in cytosol and mitochondria, and GRP78 in both ER and mitochondria but not MAM [36, 37] .
Effect of ABHD2 knockdown
IMLF transfected with ABHD2 shRNA showed 72% knockdown of ABHD2 mRNA compared to control cells, and less ABHD2 in Western blots (Fig. 3, inset) . When treated with A23187 to induce cell death, the ABHD2 knockdown IMLF clone exhibited less LDH release (Fig. 3A) , less ER calcium release (Fig. 3B ) and less mitochondrial calcium uptake (Fig. 3C) compared to control cells implicating a role for ABHD2 in these processes.
Discussion
The results suggest that pyrrophenone and KT195 block ER calcium release and cell death by targeting the serine nucleophile in ABHD2. Pyrrophenone inhibits via formation of a hemiketal between its ketone carbonyl and the active site serine [38] [39] [40] . When the ketone is reduced to a secondary alcohol it loses the ability to inhibit cell death [18] . KT195 inhibits by M A N U S C R I P T
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12 covalent, irreversible carbamoylation of the active site serine. We have uncovered a novel mechanism involving the serine hydrolase ABHD2 for regulating ER calcium release [18, 22] .
ABHD enzymes hydrolyze a variety of substrates including medium-chain and oxidatively-truncated phospholipids (ABHD3), N-acyl-phosphatidylethanolamine (NAPE) and lysoNAPE (ABHD4), 2-arachidonoyl-glycerol (ABHD6, ABHD12), phosphatidylserine (ABHD16A), lyso-phosphatidylserine (ABHD12) and palmitoylated proteins (ABHD17)
suggesting diverse metabolic functions in vivo [23, [41] [42] [43] [44] . The residues S207/D345/H376 form the catalytic triad of ABHD2, which also has a conserved acyltransferase motif at residues H120-XXXX-D125 [23] (Fig. 3A) . Affinity purified His-tagged ABHD2 has esterase activity against p-nitrophenyl conjugated substrates (acetate, butyrate and palmitate) and triacylglycerol lipase activity in vitro although little is known about the substrates hydrolyzed by ABHD2 in vivo [45] .
ABHD2 plays a specialized role in sperm flagella where it hydrolyzes 2-arachidonoylglycerol, a negative regulator of sperm-specific calcium channel CatSper, leading to calcium mobilization and sperm activation [46] .
We reported that pyrrophenone blocks ER calcium release induced by receptor stimulation but not by thapsigargin suggesting that ABHD2 regulates IP 3 -mediated ER calcium release pathway that couples to mitochondrial calcium uptake, and not pathways that control basal calcium release [22] . A study that directly relates to our findings showed that ABHD2 knockdown blocks hepatitis B virus propagation [47] . Although the authors provided no mechanism, hepatitis B virus replication is regulated by ER calcium release through IP 3 R, mitochondrial calcium uptake and MPTP formation [48, 49] . Identification of ABHD2 as the target of pyrrophenone and KT195 implicates this poorly characterized enzyme as a critical M A N U S C R I P T
13 player in regulating ER calcium release. Understanding the biochemical properties and function of ABHD2 will provide new insight into a previously unrecognized regulatory step in a fundamental process that is essential for cell function and that promotes cell death. Serine hydrolases are a large (~250) diverse class of biologically important enzymes (lipases, esterases, thioesterases, proteases, amidases), and a number of inhibitors that target these enzymes have been approved for clinical use [50] . However, the enzymatic substrates and biological functions of many serine hydrolases are unknown, and development of inhibitors is essential for their characterization with potential for therapeutic use. The development of specific small molecule cell permeable ABHD2 inhibitors will be important for understanding its mechanistic role in regulating these important processes [50, 51] .
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